Chlamydomonas reinhardtii is a unicellular eukaryotic alga possessing a single chloroplast that is widely used as a model system for the study of photosynthetic processes. This report analyzes the surprising structural and evolutionary features of the completely sequenced 203,395-bp plastid chromosome. The genome is divided by 21.2-kb inverted repeats into two single-copy regions of ‫ف‬ 80 kb and contains only 99 genes, including a full complement of tRNAs and atypical genes encoding the RNA polymerase. A remarkable feature is that Ͼ 20% of the genome is repetitive DNA: the majority of intergenic regions consist of numerous classes of short dispersed repeats (SDRs), which may have structural or evolutionary significance. Among other sequenced chlorophyte plastid genomes, only that of the green alga Chlorella vulgaris appears to share this feature. The program MultiPipMaker was used to compare the genic complement of Chlamydomonas with those of other chloroplast genomes and to scan the genomes for sequence similarities and repetitive DNAs. Among the results was evidence that the SDRs were not derived from extant coding sequences, although some SDRs may have arisen from other genomic fragments. Phylogenetic reconstruction of changes in plastid genome content revealed that an accelerated rate of gene loss also characterized the Chlamydomonas/Chlorella lineage, a phenomenon that might be independent of the proliferation of SDRs. Together, our results reveal a dynamic and unusual plastid genome whose existence in a model organism will allow its features to be tested functionally.
INTRODUCTION
Plastids are a family of specialized organelles derived from an ancient endosymbiosis (Kowallik, 1994) . Chloroplasts are studied primarily as the site of photosynthesis; however, they and other plastid types perform multiple and sometimes mysterious roles in organisms ranging from crop plants to the malarial parasites of mosquitoes (Köhler et al., 1997) . Plastids, like mitochondria, possess remnants of their ancestral genomes, which vary considerably in size and gene content in spite of a probable single primary endosymbiosis (reviewed by Douglas, 1998) . Complete plastid genome sequences were first obtained for tobacco (Shinozaki et al., 1986 ) and a liverwort (Ohyama et al., 1986 ); at present, there are 24 complete sequences representing all of the major lineages of the plant kingdom. With these sequences and the genome sequence of the cyanobacterium Synechocystis sp PCC6803 (Kaneko et al., 1995) , which is related to the plastid ancestor (Palmer and Delwiche, 1996; Douglas, 1998) , our ability to explore the evolution of plastid genes and functions, and chloroplast biogenesis, is at an unprecedented stage.
Sequence information has led in turn to phylogenetic comparisons, with the goal of understanding how this organelle has diverged since the primary endosymbiosis event (Martin and Herrmann, 1998) . Martin and co-workers (1998) identified 45 protein-coding regions common to nine plastid genomes and Synechocystis (as an outgroup). This data set resulted in the discovery of multiple occurrences of parallel gene losses versus individual gene losses, and the analysis was extended recently to include predicted gene function and genome comparisons for 19 chloroplast DNAs (cpDNAs) (De Las Rivas et al., 2002) . This approach yielded two main conclusions: first, regulatory units appear to be added to the energy-generating complexes (e.g., a group of genes encoding NADH dehydrogenase subunits); and second, a hierarchical structure develops within the plastid, resulting in a eukaryote-like genome organization (e.g., intron invasion and the presence of maturases). It has been hypothesized that organellar genomes persist to support certain regulatory mechanisms, allowing the structural proteins that balance redox potential to neutralize rapidly the side effects of altered electron transport (Race et al., 1999) . Apart from strictly evolutionary implications, plastid genome sequencing has revealed new components of photosynthetic complexes (Hager et al., 1999; Swiatek et al., 2001) , potential RNA editing sites (Maier et al., 1995) , and coregulation of genes or gene clusters.
Although the plastid genomes of land plants are highly conserved in both sequence and structure (Wakasugi et al., 2001) , algal plastid chromosomes exhibit tremendous variation that can be used to gain new insights into their evolution (Simpson and Stern, 2002) . A good example is how the basal phylogeny of the Viridiplantae has been restructured based on whole chloroplast genomes. Data from the green algae Nephroselmis olivacea and Mesostigma viride revealed an early branch in the evolution of land plants (Turmel et al., 1999; Lemieux et al., 2000) , placing Mesostigma sister to a clade containing both the chlorophytes (noncharophytic green algae) and streptophytes (land plants) and suggesting that Mesostigma represents a basal lineage that predates the separation of the chlorophytes and streptophytes. However, a more recent phylogeny, including many charophytic green algae but shorter sequences and different analytical approaches, placed Mesostigma basal to the streptophyte but not the chlorophyte lineage (Karol et al., 2001) . Clearly, these evolutionary hypotheses would benefit from additional sequence information.
Verification of evolutionary and functional data ultimately requires, in many cases, manipulation of the plastid genome. Plastid transformation has been performed largely in tobacco and Chlamydomonas reinhardtii , enabling mechanistic insights to be gained, the expression of foreign proteins, and reverse genetic studies to be performed within the plastid. Chlamydomonas also is a key model for the study of photosynthesis, cell motility, and stress responses (Dent et al., 2001; Harris, 2001) . Until now, the sequence of the Chlamydomonas chloroplast genome has not been fully assembled, in spite of numerous fragments deposited into the databases during the past 20 years. As part of a major Chlamydomonas genomics effort (Grossman, 2000) , we have completed its sequence and used genome-wide analytical tools to reveal several uncharacteristic features, among them a preponderance of short dispersed repeats, a relatively low number of coding regions, and an atypical organization of the genes encoding the RNA polymerase. In the accompanying article (Lilly et al., 2002) , we used this information to complete a genome-wide analysis of the expressed regions and to examine how the transcriptome responds to abiotic stimuli. The complete cpDNA sequence and its analysis, together with genome-wide expression studies, present challenging evolutionary enigmas and open new doors for functional analyses.
RESULTS

Genome Sequence, Content, and Organization
When this project was initiated, ‫ف‬ 120 kb of sequence was deposited in the databases, and 30 kb was known to exist as unpublished data (see supplemental data online). We elected to take a three-pronged strategy to complete the assembly. First, sequences published in peer-reviewed articles were taken at face value, except where we had indications from colleagues that they might not be fully accurate or where ambiguous positions had been deposited as such (particularly at the ends of sequence reads). Where multiple versions of genes or regions existed, these were aligned, and primer walking was used to resolve any disagreements. Second, we accepted unpublished sequences but performed single-pass sequencing to assess their overall quality. Third, we identified 14 gaps and used plasmid subcloning or PCR to generate the required fragments. All clones were obtained from the Chlamydomonas Genetics Center at Duke University, so that our sequence, of which 60 kb was newly obtained, would be congruent with previous submissions and with data to be obtained in the future by individual investigators (see supplemental data online). The complete sequence was made available on the Chlamydomonas genome project World Wide Web site (http://www.biology. duke.edu/chlamy_genome/chloro.html) in August 2001; a final assembly has been released to NCBI, in addition to the newly sequenced regions (see Methods), and we have created an interactive chloroplast genome/gene expression World Wide Web site (http://bti.cornell.edu/bti2/chlamyweb).
Our final assembly revealed a circular map of 203,395 bp (Figure 1 ), slightly larger than earlier estimates based on restriction fragment mapping (Rochaix, 1980) . Position 1 was defined as the BamHI restriction site located within ORF271 of the "Wendy" element at the boundary between the plasmid clones Bam1 and Bam5 (Figure 1 , orange square). The genome is 34.6% G ϩ C with an average intergenic spacer of 0.7 kb, based on the gene definitions given below. The G ϩ C content is comparable to that of Chlorella (31.6%) and Arabidopsis (36.3%). The genome possesses two copies of an inverted repeat sequence (22,211 bp; Figure 1 , outer circle), which are separated by two nearly equally sized unique regions of 80,873 and 78,100 bp. The gene arrangement within the inverted repeat is typical of land plants, except that the 23S rRNA gene is divided by an intron (Rochaix and Malnoe, 1978) and the psbA gene is divided by four introns (Erickson et al., 1984) . Some other Chlamydomonas species exhibit minor differences; for example, rbcL is found within the inverted repeat in C. moewusii (Boudreau et al., 1994) , and atpB is found in the inverted repeat in C. gelatinosa The inner circle shows BamHI and EcoRI restriction fragments mapped according to Rochaix (1980) and numbered according to Grant et al. (1980) . Position 0 is shown by an orange square near the 12 o'clock position. The second concentric circle indicates seven overlapping BAC clones that span the genome. The third circle shows genes and ORFs of unknown function, including those for which disruption experiments were unsuccessful. Gray boxes represent newly identified ORFs. The outer circle shows genes of known or presumed function, with sequenced or hypothesized (rps2; see text) introns shown in olive green. Genes are color coded by function, as shown at bottom. (Boudreau and Turmel, 1996) . Large insertions into the inverted repeat have expanded it substantially in C. eugametos and C. moewusii , without affecting gene content.
Genes contained in C. reinhardtii cpDNA are listed in Table 1 . Although open reading frame (ORF) classifications are inevitably somewhat arbitrary, under the criteria used here, the number in C. reinhardtii is smaller than that in most other green algae or land plants (Simpson and Stern, 2002) . Using a threshold of 225 bp for previously unidentified reading frames (see Methods for reasoning), 18 new ORFs were found (Table 1) , but none was found to be expressed, based on RNA gel blot analysis (Lilly et al., 2002) . The genome contains 72 bona fide protein-coding genes, of which only rpl36 had not been found previously, as well as 4 genes reported previously based on heterologous hybridization, for which we verified the locations. Three encode RNA polymerase components and one appears to encode a portion of rps2 ; these are discussed in more detail below because they differ from previous annotations. Thirty tRNA genes were identified (see Methods), giving a complete set for translation and an ultimate total of 99 expressed sequences (not including genes duplicated in the inverted repeat). This is the smallest plastid gene repertoire reported in the photosynthetic Viridiplantae and contrasts with 127 chloroplast genes in the green alga N. olivacea (Turmel et al., 1999) and 251 in the most gene-rich plastid DNA, that of the red alga Porphyra purpurea (Reith and Munholland, 1995) .
Short Dispersed Repeats Saturate Intergenic Regions
Small repeated sequences were first identified in the C. reinhardtii chloroplast using renaturation kinetics and other methods and were estimated to constitute 4 to 7% of the genome (Gelvin and Howell, 1979) . Several studies also revealed repeats that were present in sequences flanking genes of interest (Dron et al., 1982; Schneider et al., 1985; Boynton et al., 1992; Fong and Surzycki, 1992b; Leu, 1998) . These elements, which average 30 bp in length, often are marked by AatII and/or KpnI restriction sites. Because of their characteristics, we refer to them as short dispersed repeats (SDRs).
We used genome-wide dot-plot analysis to examine the extent of SDRs in Chlamydomonas and compared the results with those from several other sequenced chloroplast genomes, as shown in Figure 2 . The dot plot is a visual representation of alignments generated by PipMaker, which uses a version of the BLAST (Basic Local Alignment Search Tool) algorithm (Schwartz et al., 2000) . The self-comparisons in Figure 2 create diagonals of identity, with either side of the diagonal consisting of mirror images in which dots or short lines indicate regions of sequence similarity. The left panel shows results for Chlamydomonas, with the red lines perpendicular to the diagonal of identity representing the 22.1-kb inverted repeats. The orange boxes frame the duplicated Wendy-disabled transposon (Fan et al., 1995) , and the green box highlights the related psaA and psaB genes encoding photosystem I apoproteins. Apart from these landmarks, a very large number of repeated DNA sequences are widely dispersed. The spaces between clusters of repeats are, in effect, the locations of genes. Dot plots for other selected plastid genomes are shown at right. In each of these cases (except Chlorella vulgaris ), the rDNA-containing inverted repeat is shown as a red line, with its apparent location depending on where the genome was linearized for analysis. Chlorella, and to a lesser extent Nephroselmis, exhibit repetitive sequences that clearly are above the background level seen in Cyanophora paradoxa , Arabidopsis, and all other fully sequenced streptophytes (data not shown). The blue SDRs are those not within protein-coding sequences that are conserved between Chlamydomonas and the other species. For the most part, these homologies are restricted to a small number of SDRs in or near the inverted repeat (the remaining SDRs are shown in black). Surprisingly, the massive number of SDRs in C. vulgaris cpDNA was not reported along with the sequence (Wakasugi et al., 1997) , although, as for Chlamydomonas, an earlier study had found some by chance in the inverted repeat region of a related Chlorella species (Yamada, 1991) .
We estimate that 19,500 SDRs are present in C. reinhardtii cpDNA, depending on the parameters used (J.E. Maul, unpublished data). BLAST analyses gave an approximate grouping of the repeats into ‫ف‬ 1000 classes, which were dispersed throughout the genome; this can be seen by following a vertical column in the dot plot (Figure 2 ). To further explore the SDRs, we compiled all noncoding repetitive sequences of Ͼ 20 bp extracted from multiple BLAST alignments. These short elements were aligned and the resulting consensus sequences derived. Table 2 lists the consensus sequences and statistics for the 10 most prevalent SDRs, which together account for Ͼ 10 kb ( ‫ف‬ 5%) of the plastid chromosome. An example of the limited amount of SDR sequence divergence is found in SDR9. Its exact consensus sequence is present in 36 locations; however, when the stringency was decreased to 90% (allowing three mismatches), an additional 15 copies were identified. The high level of sequence conservation suggests some type of functional role, a recent evolutionary origin, and/or frequent copy correction.
We also performed BLASTn analyses to explore the similarity of SDR sequences to coding regions of Chlamydomonas cpDNA and those of 13 other species. One member of each of the 1000 repeat classes was used in this analysis. Many short (10-to 15-bp) identities were found between SDR sequences and various coding regions, but given the large number of sequence comparisons, none of these exceeded even a lenient significance cutoff of e Ϫ 4 . This approach was extended to search the nucleotide sequence of each genome and the entire GenBank database. One SDR (class 10) was found to share two palindromic 17-bp identities with a noncoding portion of the rice chloroplast genome (positions 55764 to 55780). The region in the rice plastid Figure 1 . The predicted number of amino acids is in parentheses.
genome has been shown to be a mutational "hot spot" and gene conversion site (Morton and Clegg, 1993) .
SDRs Are Polymorphic between C. reinhardtii Strains
During sequence assembly, we encountered minor differences between new data and previously published versions, which were derived from various laboratory strains and not the cpDNA plasmid collection at Duke University. This caused us to question whether SDR regions might exhibit polymorphisms, particularly if replication slippage, which is known in chloroplasts (Chang et al., 1996) , was a common phenomenon in Chlamydomonas, which is typically maintained as a haploid vegetative culture. We analyzed five intergenic regions and the rbcL coding region from three representative strains in the C. reinhardtii 137c background (CC-125, CC-406, and CC-620), which share a common ancestor probably in the 1960s (and ultimately trace back to an isolate from Massachusetts in 1945), and strain S1D2 (CC-2290; Gross et al., 1988) , which was isolated in Minnesota in the 1980s. Two regions (ORF140-petA and ORF112-petD) failed to amplify in CC-2290 and CC-125, suggesting altered sequences at the priming sites, and were eliminated from the analysis. For those that did amplify, at least three independently cloned PCR products were sequenced. Single nucleotide polymorphisms (SNPs) were detected in all four sequenced regions, with a total fraction of polymorphic sites ranging from 0.4% (chlL-rpl23) to 0.9% (petD-chlB and psbZ-ccsA; Table 3 ). The intergenic regions all were polymorphic among the three 137c strains, implying the accumulation of SNPs within the 30 to 40 years since they shared a common ancestor. Additional polymorphisms distinguishing 137c from S1D2 could have accumulated under culture conditions or might be a reflection of existing variation between these independently isolated strains. By contrast, the rbcL coding region was uniform among the three 137c strains, with six SNPs separating the 137c and S1D2 strains. Thus, there appears to be a lower observable rate of SNP accumulation for this constrained gene sequence than for the repeat-rich intergenic regions. These results confirm the occurrence of plastid SNPs among C. reinhardtii strains and suggest that differences in cpDNA restriction fragment patterns might be anticipated. Our limited analysis also suggests that the SDR regions are not particularly unstable (e.g., prone to indels), at least over a short period. Dots off the main diagonal represent alignments with Ͼ50% identity. Structural features off the main diagonal are color coded as follows: red, inverted repeats; blue, small dispersed repeats in C. reinhardtii that also are detected in C. vulgaris and N. olivacea; green, psaA/psaB genes; orange, Wendy elements. Accession numbers for the cpDNA sequences are given at the end of Methods.
The Chloroplast Genome Exists as Both Circular and Linear Molecules
To gain insight into the structure of the Chlamydomonas plastid chromosome, a cytogenomic approach was used. It was already known that Chlamydomonas cpDNA, like other chloroplast genomes, can undergo "flip-flop" recombination between the large inverted repeats, leading to equimolar accumulation of these isomers . We wished to determine whether the genome existed as monomers or higher order molecules and whether the DNA was primarily circular or linear in vivo. Previous analyses have used gel-based methods and/or microscopy of isolated cpDNAs (Bendich and Smith, 1990; Bendich, 1991) . Pulsedfield gel electrophoresis of intact Chlamydomonas chloroplasts or whole (cell wall-deficient; cw15) cells embedded in agarose, followed by filter hybridization (data not shown), did not reveal the higher order organization that was observed previously for higher plant cpDNAs (Deng et al., 1989; Backert et al., 1995; Lilly et al., 2001) , suggesting a lack of discrete genome conformations. In a second approach, shown in Figure 3 , intact chloroplasts were spread on slides to obtain cpDNA fibers, which then were hybridized with BACs spanning the chloroplast genome ( Figure  3A , green). To give landmarks, a second labeling procedure ( Figure 3A , red) was performed with plasmids specific to the inverted repeat. Numerous observations revealed a predominance of small linear DNA fibers, many of which were Ͻ100 kb in size ( Figures 3B to 3D ). However, circular genomes also were identified in many different plastid isolations, and these included clearly monomeric ( Figure 3B ) and dimeric ( Figure 3C ) forms. Unlike higher plant cpDNAs, few molecules larger than trimer size were present, and all of these were linear. Genomes greater than monomer size could result directly from replication or could be diagnostic of intergenomic recombination. Because of the methods used here, breakage cannot be excluded as a source of some linear fibers. However, based on pulsed-field gel electrophoresis data, it seems reasonable to conclude that the Chlamydomonas plastid genome exists principally as a population of monomeric and dimeric linear and circular genomes.
Chlamydomonas cpDNA-Specific Features Visualized via Multiple Genome Analysis
MultiPipMaker (http://bio.cse.psu.edu) is a new, World Wide Web-based tool for multiple genome analysis based on the PipMaker program for comparing two genome sequences (Schwartz et al., 2000) . We applied it to simplify and enhance the arduous task of verifying and correcting initial gene annotations and to compare gene content and overall sequence similarity among 14 complete plastid genomes representing all of the major Viridiplantae lineages. The MultiPip overview is shown in Figure 4A , and selected features are detailed in Figure 4B (for complete results, see supplemental data online). MultiPipMaker works by keeping a single, reference genome in its actual linear order (Chlamydomonas genes are shown by arrows at the top of Figure   4A ) and then aligns the additional genome sequences to the reference, irrespective of gene order. A genome-wide output shows global similarity, with red representing the highest similarity and green representing lower similarity. As an example, the highly conserved and ubiquitous rRNA genes are depicted in Figure 4A , box A. MultiPip also allows one to examine the presence or absence of a gene in different species (although not their relative order). As examples, boxes B and C show genes that are conserved in approximately half and only one of the selected genomes, respectively, and in the case of box B, with different amounts of similarity. Note that if a sequence is not present in the reference genome, it is not seen in the lower lines. Although Chlamydomonas is "gene poor," ORFs specific to the chlorophyte lineage clearly are identified by this approach. Figure 4B illustrates features that can be examined by "zooming in" on parts of Figure 4A . In this case, gap-free sequence alignments are plotted as a series of lines with sequence identity between 50 and 100% (right side of the plot). Duplicated segments are displayed as multiple lines or dots at the appropriate levels of similarity, and completely identical sequences are displayed as superimposed lines.
Arrows D 1 and D 2 represent genes that are highly conserved along their entire lengths, although the percentage of identity is not constant. This type of discontinuity can be indicative of functional domains. Arrow E (rpoA) illustrates the opposite case, in which similarity is poor and intermittent. This can be interpreted as a gene with relatively few constrained domains, the presence of unknown introns, or other nonhomologous sequences and/or pseudogenes. Brace F highlights rpoC2, in which evidence of homology is intermittent and ranges from poor to good. With this type of alignment, one might suspect the presence of introns, a much clearer case of which is seen with psbA (brace H), in which the coding region is highly conserved. Finally, simple gene duplication is seen for psaB (arrow G), with which the psaB genes of other species give a high-similarity alignment and the related psaA gene aligns intermittently and at a lower similarity. The reciprocal plot is not seen (psaB aligning to psaA), because psaA is split into three distantly located exons in Chlamydomonas (Kück et al., 1987) (Figure  1 ). This feature is quite interesting because it is the only clear case for gene duplication other than the inverted repeat, and the psaA-psaB tandem repeat feature is more conserved across plastid genomes than the often-lost inverted repeat. Among sequenced plastid genomes, only Chlamydomonas has experienced mutations that have separated the copies of psaA and psaB to distant locations. Limited similarities among intergenic regions were identified between Chlamydomonas, Chlorella, and Nephroselmis (see supplemental data online).
Accelerated Protein Evolution and Gene Loss among the Chlorophyceae
Using a set of 8856 concatenated amino acid characters and various phylogenetic analyses, we placed Chlamydomonas reinhardtii into a phylogeny based on 39 coding regions common to 14 photosynthetic plastid genomes, using the gene-rich C. paradoxa cyanelle genome as the outgroup ( Figure 5 ; see also supplemental data online). The topology generated is congruent with the results of phylogenetic analysis of proteome data sets for fewer species (Martin and Herrmann, 1998) and similar to those from multivariate statistical analyses of gene presence/absence data (De Las Rivas et al., 2002) . Chlorophytes (C. reinhardtii, N. olivacea, and C. vulgaris) are strongly resolved as a monophyletic group, as are the land plants and a clade containing the nongreen algae (rhodophytes [Cyanidium caldarium and P. purpurea]) plus algae with plastids from secondary symbiosis (Odontella sinensis [diatom, a chrysophyte] and Guillardia theta [a cryptophyte]) (McFadden, 2001) . All branches in this phylogeny are supported strongly with the exception of the placement of Mesostigma ( Figure 5 , dashed line) and the arrangements among the nongreen algae.
The Chlamydomonas genome appears on a long branch in the chlorophytes, suggesting increased substitution rates for amino acids ( Figure 5A ). We first compared the likelihood of the tree with no molecular clock (ln L ϭ 113,742.2) with that obtained with an enforced molecular clock (ln L ϭ 124,509.4). The likelihood ratio was significant (P ϽϽ 0.001), and global rate homogeneity was rejected. As a follow-up, we performed a relative rate test for the three green algal taxa (Chlorella versus Chlamydomonas with outgroup Nephroselmis) using HY-PHY. Homogeneity of rates was rejected (P ϭ 4e-6). Thus, the amino acid substitution rates are heterogeneous for different lineages in this data set, especially within the Chlorophyceae, in which the rate for the Chlamydomonas branch is significantly higher than that for Chlorella.
The phylogram shown in Figure 5A also shows the gain of SDRs, the Wendy putative transposon, and the evolution of the large inverted repeat. The inferred loss (or major reduction) of the inverted repeat has occurred four times under this scenario, including independent complete losses from the green alga Chlorella and loss or near loss from the nongreen algae Cyanidium and Porphyra. The current phylogeny suggests that the loss of the inverted repeat from Cyanidium and the nearly complete loss from Porphyra were independent events. Alternatively, shared inverted repeat reductions in Cyanidium and Porphyra would be consistent with an alternative branching pattern, as reported by De Las Rivas et al. (2002) . The Chlorophyceae clade is supported not only by protein-coding sequences (bootstrap values of 99 or greater) but also by the invasion and increasing amount of repetitive sequences ( Figure 5A , SDRs).
We used parsimony to determine the number of unambiguous gene gain (green) and gene loss (red) events on the phylogeny using the extant chloroplast ancestors Synechocystis sp PCC6803 and Nostoc sp PCC7120 as outgroups ( Figure 5B , blue box). Gene gains and losses were treated as equally probable except for genes also present in cyanobacteria, which were assumed to be ancestrally present in plastid genomes (Martin and Herrmann, 1998) . Complete mapping of gene gains and multiple loss events is provided in the supplemental data online. Figure 5B shows massive gene loss across the plant lineage but highlights the fact that occasional functional gene gains also have occurred, presumably as a result of gene duplication and/or horizontal transfer (Palmer and Delwiche, 1996; Palmer, 1997) . The frequency of these 9 putative gene gain events is extremely low compared with the overall genome historywide 427 inferred loss events. Given this extraordinary bias toward gene loss, correct reconstruction of the phylogeny based on gene content is unlikely. However, both gene content and inverted repeat distributions would be consistent with monophyly of Cyanidium ϩ Porphyra and Odontella ϩ Guillardia, a hypothesis not supported by the concatenated protein data set.
Gene losses are observed from a wide range of functional categories, including photosystem I (psaI and psaM), small (rps11, rps15, and rps16) and large (rpl2, rpl12, rpl19, rpl22, rpl32 , and rpl33) ribosomal subunit proteins and translation initiation factor 1 (infA), the full set of ndh genes, and numerous miscellaneous proteins and conserved ORFs. The lineage leading to C. reinhardtii is notable for an apparent acceleration of gene loss, with 29 losses relative to genomes more distant than Chlorella. This includes 10 of 11 ndh genes as well as diverse other proteins. Surprisingly, no additional gene losses were inferred in Chlorella, whereas gene loss has continued in Chlamydomonas, with 15 additional genes lost since the separation of the Chlamydomonas and Chlorella lineages.
This concatenated protein alignment generated additional information about the expressed regions of Chlamydomonas. When the 39 coding regions were aligned, 15 genes in Chlamydomonas were shown to possess differences in completely conserved residues among the 15 additional species (see supplemental data online), some of which could be accounted for, in principle, by C-to-U RNA editing, which is well known in a range of species (Bock, 2000) . Four of these instances (in rbcL, atpB, psbB, and psbD) were investigated, but there were no differences between the cDNA and genomic sequences, which supports the general belief that, unlike those of higher plants, Chlamydomonas cpRNAs do not undergo editing (Barkan and Goldschmidt-Clermont, 2000) .
Evidence for Unusual RNA Polymerase Gene Organization
The plastid-encoded RNA polymerase (PEP) resembles that of Escherichia coli, whose core RNA polymerase is encoded by rpoA, rpoB, and rpoC. In chloroplast genomes and cyanobacteria, rpoC is divided into two separate genes/proteins, rpoC1 and rpoC2, with rpoC1 sometimes containing an intron (Downie et al., 1996) . In Chlamydomonas, a location for rpoA had been reported based on heterologous filter hybridization (Watson and Surzycki, 1983) ; however, we found no evidence of homology with other rpoA genes in that region. On the other hand, an ORF with high similarity to rpoA was identified in a previously uncharacterized region of the genome (between psbB and rps2; Figure 1 ). The rpoB gene is a single ORF in other chloroplast genomes; however, it was reported as two closely linked ORFs in C. reinhardtii (Fong and Surzycki, 1992a) . For the normally divided rpoC gene, rpoC2 but not rpoC1 had been found in Chlamydomonas (Fong and Surzycki, 1992a) . In addition, the rpoC2 homology was embedded in a much longer ORF that otherwise lacked similarity to any other gene. Because transcriptional activity would be evidence that bona fide PEP-encoding genes had been found, RNA filter hybridization ( Figure 6 ) and reverse transcriptase-PCR (RT-PCR) (Figure 7) were performed. In the case of rpoA, both revealed expression, with the gel blots identifying 1.7-and 3.2-kb transcripts in wild-type cells grown under optimum conditions. The shorter of these transcripts (Figure 6 , asterisk) could encode the entire predicted protein of 553 amino acids. The N terminus of rpoA aligns fairly well with other rpoA sequences and has 43% identity to the most closely related sequence ( Figure 8A) ; however, substantial divergence occurs toward the C terminus. In addition, homology is interrupted throughout the ORF by insertions in the Chlamydomonas sequence relative to all other organisms except Nephroselmis and to some extent Chlorella. Interestingly, these are the two other plastid genomes with significant numbers of SDRs, and this may be another indication of a closer relationship within the green algal chloroplasts.
As mentioned above, rpoB was suggested to have an unusual structure with two separately transcribed exons (B1 and B2), yet it was predicted not to have an intron based on the lack of consensus secondary structures in the RNA. Corroboration of the transcription of both exons came from RT-PCR ( Figure 7, left) ; however, a cDNA spanning the entire gene could not be amplified. A large transcript was revealed on RNA gel blots with probes derived from PCR products of each exon, but many cross-reacting bands confounded the analysis (data not shown).
The rpoC1 gene was identified in a previously unsequenced region, just upstream of the disabled Wendy transposon (Figure 1, ORF271 and ORF140) . A predicted protein of 607 amino acids aligned with the first part of other rpoC1 proteins, albeit with a long N-terminal extension, whereas a downstream ORF of 507 amino acids predicted a protein similar to the C-terminal portion of rpoC1. A computerbased fusion of the two ORFs yielded a predicted peptide of 1113 amino acids with 49% identity to the most closely related rpoC1 sequence, that of Nephroselmis. The central portion of this alignment is shown in Figure 8B . Even within this highly conserved region, Chlamydomonas contains an insertion relative to all other sequences, as does Chlorella somewhat farther downstream. Although no discrete transcript of a length sufficient to contain both ORFs was detected using RNA gel blot hybridization (data not shown), RT-PCR demonstrated transcription of both coding regions (Figure 7 , left), but attempts to span the 2.1-kb junction between the two ORFs using RT-PCR failed to generate any products. Based on the lack of evidence for a single transcript, and the fact that this arrangement was predicted by hybridization analysis of both C. reinhardtii and C. moewusii (Boudreau et al., 1994) , we assigned the gene names rpoC1a and rpoC1b, suggesting that the division of rpoC1 into two parts occurred before the divergence of these Chlamydomonas species.
The C-terminal portion of the bacterial rpoC gene is represented by rpoC2 in chloroplast genomes. In C. reinhardtii, an ORF of 1175 amino acids was reported previously, of which only the N-terminal half appears to share homology with other predicted rpoC2 proteins (Fong and Surzycki, 1992a) . Subsequently, however, a frameshift error was reported in this sequence, extending the ORF to 3119 amino acids, with additional C-terminal similarity to rpoC2. To determine if this longer ORF was transcribed, we subdivided the ORF into eight regions and used RT-PCR to search for transcription. As shown in Figure 7 , transcription of six of the eight regions could be demonstrated, but two regions in the center could not be amplified from RNA, although cpDNA as a template yielded the expected products (data not shown). This finding is consistent with the presence of an intron; however, attempts to amplify across this putative ‫-3ف‬kb intron were unsuccessful. A discrete ‫-2.5ف‬kb transcript was detected by RNA filter hybridization with the N-terminal portion (Figure 6 , circle), a size consistent with a spliced version, whereas an unspliced version would be Ͼ9 kb. Total RNA (40 g) from CC-125 cells grown in continuous light was analyzed by filter hybridization using 32 P-labeled probes derived by PCR from rpoA and rpoC2 (A and C2, respectively). Probes corresponding to the rps2 ORFs were used in the lanes marked rps2-1 (previously ORF570) and rps2-2 (ORF208). Individual transcript sizes are noted and were estimated by comparison with RNA markers (Invitrogen) and the 16S rRNA hybridization control (16S). The symbols mark transcripts that are discussed in the text, generally those considered most likely to encode the protein product based on size or on hybridization with two probes from the same gene.
These results leave open two interpretations. One is that rpoC2, like rpoC1, has now been divided into distinct genes and that the ORF remains complete by chance. In this case, C. reinhardtii would contain rpoC2a and rpoC2b, as proposed previously (Boudreau et al., 1994) . A second interpretation is that a contiguous large mRNA has some portion spliced out; therefore, the gene should be termed rpoC2. Because of this ambiguity, we have retained the simpler rpoC2 nomenclature.
The last ORF investigated in detail was ORF208, which is adjacent to ORF570 (Figure 1, rps2-2) . The predicted translation product of ORF570 was noted previously to have limited similarity to the N-terminal part of rps2 (Leu, 1998) . Although ORF570 did not encode the C-terminal portion, another study (Boudreau et al., 1994) had shown that a C. eugametos rps2 probe hybridized to the downstream Bam6 fragment, where ORF208 is located. When ORF208 was translated and aligned with other rps2 sequences, it showed similarity to the predicted proteins (data not shown). RNA filter hybridization with ORF570-and ORF208-specific probes identified apparently identical transcripts of ‫5.2ف‬ kb ( Figure  6 , star). We were unable to amplify across the ORF570-ORF208 region using RT-PCR (data not shown). One of several interpretations of these findings is that the two 2.5-kb RNAs are not identical. Purification and sequencing of the expressed protein may clarify whether both ORFs actually are functional; indeed, proteomic analysis of the small ribosomal subunit identified an ORF570 but not an ORF208 translation product, confirming that at least ORF570 is an active gene (Yamaguchi et al., 2002) .
DISCUSSION
A Gene-Poor Chloroplast Genome
The sequence analysis reported here indicates that the green algal lineage is a "hotbed" for chloroplast genome evolution, including invasion by repeat elements, gene loss, ORF gain, and loss of the inverted repeat. The completion of the C. reinhardtii plastid genome culminates a 20-year effort that began with the sequencing of rbcL (Dron et al., 1982) . It might appear surprising that no other group completed what appeared to be a straightforward sequencing endeavor, especially considering the impact of a completed plastid sequence. We quickly discovered that the reason for the abundance of gaps in the genome was the presence of SDRs. The SDR-rich regions cause problems in primer design for sequence walking and additional problems in the sequencing reactions themselves. This, together with the lack of novel expressed ORFs, resulted in a nearly complete set of coding sequences being deposited over time but the notable absence of accurately sequenced intergenic regions.
The coding regions of the C. reinhardtii chloroplast genome are typical and encode highly conserved proteins with well-defined functions, with the exception of the PEP genes, certain ORFs, and ycfs ( Figure 1, Table 1) . Interestingly, many genes present in either related green algal or higher plant cpDNAs appear to have been lost from Chlamydomonas; however, five of these "lost" genes have been identified in the large EST database (Grossman, 2000; Approximately 1 g of total RNA from light-grown CC-125 cells was subjected to a 1-h reverse transcription reaction, followed by 30 cycles of PCR using gene-specific primers (Lilly et al., 2002) . At left, RT-PCR products for an internal region of each PEP gene. Lanes are as follows: M, molecular size markers; A, rpoA; C2, rpoC2; C1a, rpoC1a; C1b, rpoC1b; B1, rpoB1; and B2, rpoB2. At right, RT-PCR products spanning the rpoC2 gene. Lanes correspond to regions of the 3119-amino acid rpoC2 ORF, as indicated by the diagram below the gel. Open bars represent regions that were amplified by RT-PCR, and closed bars represent regions not amplified by RT-PCR. 2002), suggesting that they have been successfully functionally transferred to the nucleus. The nature of conservation between Chlamydomonas genes and their counterparts in other genomes is readily revealed by the MultiPip analysis shown in Figure 4 (complete information is available in the supplemental data online). However, the genome is unique in that a single small RNA species (tscA) is responsible for the trans-splicing of the tripartite psaA mRNA (GoldschmidtClermont et al., 1991) , and it possesses two copies of the ancient transposon Wendy, which has been proposed to be responsible for rearrangements in this genome since the divergence of C. reinhardtii (Fan et al., 1995) . These unique features, together with the abundance of rearranged and split genes, make further analysis compelling.
Interestingly, these two dramatic alterations to the chloroplast genome of Chlamydomonas-the accumulation of repetitive elements and the loss of numerous coding regions-have resulted in a genome with no net contraction in size relative to other chlorophyte plastid genomes. The observed phylogenetic correlation of increased noncoding repeats and an accelerated rate of gene losses could related if dispensable coding regions were allowed to accumulate repeat sequences, or they may reflect a common mechanism that simultaneously promotes massive gene transfer and re- peat proliferation. The first possibility could be supported by the observation that repeats were derived from coding regions that have been lost from either the Chlamydomonas or an earlier green algal lineage.
Functional and Evolutionary Implications of Small Dispersed Repeats
Perhaps the most interesting feature of this genome is the abundance of repetitive DNAs, which account for Ͼ20% of the sequence. Highly repetitive sequences are rare in chloroplast genomes compared with nuclear DNA. Using dotplot analysis as a foundation, we initially documented 10 SDRs that together account for Ͼ5% of the plastid genome. Repetitive DNAs had been reported previously, but their abundance throughout the genome had not been quantified. For example, the presence of SDRs was implicated by BLAST searches in a study describing the rps2 gene, and downstream regions of rpoB and rpoC2, as well as upstream regions of rbcL, were reported to contain repeat elements (Dron et al., 1982; Fong and Surzycki, 1992a) . Interestingly, although these repetitive sequences were seen in all isolates examined that are interfertile with C. reinhardtii (Boynton et al., 1992) , they are not ubiquitous within the Volvocales. DNA filter hybridizations have shown previously that cpDNA of C. gelatinosa, a close relative of C. reinhardtii, also harbors at least one repeat family present in at least 35 genomic locations; however C. moewusii and C. pitschmannii lack SDR-like sequences, and members of this clade possess fewer rearrangements relative to one another than do the C. reinhardtii/C. gelatinosa group (Turmel et al., 1987; Turmel, 1995, 1996) . These findings suggest that the highly rearranged C. reinhardtii and C. gelatinosa plastid chromosomes are correlated with the high level of repetitive DNA dispersed throughout the genome (Palmer, 1985) . Repeat-mediated cpDNA rearrangements also have been proposed to occur in land plants, but on a smaller scale (Palmer et al., 1987; Palmer, 1991) .
It is well documented that different cpDNA regions may have different evolutionary rates. For example, introns and intergenic spacers have a significantly higher level of divergence and presence of indels than adjacent coding regions (Kelchner and Wendel, 1996) . To determine whether SDRs are relatively unstable, we investigated three SDR-containing intergenic regions across three closely related C. reinhardtii laboratory strains compared with a natural isolate from a different location. There was little intrastrain sequence variation, although it would be interesting to extend this analysis to a broader range of sequences and isolates (Table 3) . Our analysis, coupled with previously documented SDRs, illustrate four main features. First, SDRs appear to be dispersed randomly throughout the intergenic regions, with the exception of a repeat-poor region approximately equidistant from the two repeat-rich inverted repeats. Second, SDR-rich intergenic regions evolve rapidly; 30 to 40 years in culture has been sufficient to accumulate detectable SNPs in these regions, whereas the functionally constrained rbcL coding region has not evolved SNPs among strains derived from the same isolate. Third, there is no evidence that SDRs have or result from retrotransposon-like activity, because they lack footprints or conserved sequence elements flanking the repetitive DNAs. Fourth, different copies of each SDR sequence share high identity with other copies around the chloroplast genome, which could indicate evolutionary conservation, as might be expected of a regulatory element or other functionally constrained sequence, the existence of a copy correction function, or that the multiple copies have proliferated only recently. This highly complex and diverse repeat family will be described in detail elsewhere (J.E. Maul and D.B. Stern, unpublished results).
One hypothesis for the function of at least one SDR is transcriptional regulation. It was demonstrated in both Chlamydomonas cells and E. coli that transcription from the so-called "PA promoter," which in fact appears to be an SDR cluster, was enhanced when cells were treated with novobiocin, a DNA gyrase inhibitor (Thompson and Mosig, 1987) , and that this segment of cpDNA changed conformation when cells were transferred between dark and light (Thompson and Mosig, 1990) . However, genome-wide analysis of transcription rates have failed to correlate novobiocin-induced modulation with the number or abundance of flanking SDRs (Lilly et al., 2002) .
With its widespread repetitive DNA, we suspected that Chlamydomonas cpDNA might exist in conformations more typical of complex higher plant mitochondrial genomes (Bendich, 1996; Oldenburg and Bendich, 2001 ). On the other hand, it does contain a large inverted repeat, a feature that has been implicated in conferring stability not only to plastid genomes (Palmer and Thompson, 1982) but also to viral and bacterial sequences (Rayko, 1997) . The Chlamydomonas plastid genome represents what appears to be a structural intermediate, by virtue of possessing both the inverted repeats and many small tandem and dispersed repeated DNAs. Our fiber-fluorescence in situ hybridization analysis yielded results atypical of those obtained earlier with higher plants (Lilly et al., 2001 ). In particular, few higher order DNA fibers were present, and no circular genomes greater than a tetrameric equivalent were identified. Additionally, there were many DNA fibers of less than genome equivalent sizes present on all slides. We hypothesize that the SDRs might facilitate intramolecular recombination in much the same way that direct repeats of mitochondrial genomes do, resulting in a diverse population of molecules. Analysis of Chlorella cpDNA would be interesting in this regard, because it also contains abundant SDRs.
Phylogenetic History: Gene Loss Dominates the Dynamics of Plastid Genomes
The phylogenetic analyses of plastid genomes give an overall well-supported phylogeny, with four major lineages: streptophytes (land plants), chlorophytes (green algae), rhodophytes-heterokonts-cryptophytes (nongreen algae), and glaucocystophytes. The Chlamydomonas plastid genome resides in the chlorophyte lineage in all analyses, with Chlorella being the closest relative. However, the branch length is notably long compared with that in land plant chloroplasts, suggesting that the amino acid substitution rate increased in green algae ( Figure 5A ). Here, we have shown that the rates of amino acid substitution are heterogeneous across plastome history, with a modest but significant acceleration specifically in the Chlamydomonas lineage. The position of M. viride has been under debate, as evidence from different sources strongly supports either the Mesostigma ϩ land plants topology or the Mesostigma ϩ all green plants topology (Lemieux et al., 2000; Karol et al., 2001 ). We performed gene-by-gene and combined-data-set parsimony analyses to look for significant conflict among genes that might in some cases support alternative arrangements. The results show that most individual genes do not favor one topology over another significantly, with the exception of the RNA polymerase genes (which support Mesostigma ϩ all green plants; results not shown). Because of the sparse taxon sampling, the relationship is barely resolved by maximum likelihood analysis. More plastid sequence data from Chlorophyceae will help increase the resolution.
In the red algal lineage, secondary endosymbiosis has led to cryptophytes (G. theta) and heterokonts (O. sinensis). It has been proposed that a cyanobacteria-like prokaryote was engulfed by a eukaryote phagotroph (McFadden, 2001) . Guillardia still retains the remnant plastid nuclear genome, termed the nucleomorph. Although plastids from both species are derived from secondary endosymbiosis, multiprotein analyses generally support the independent origins of their plastids, suggesting that there might have been more than one secondary endosymbiosis event in this group.
Structural events inferred throughout plastome evolution include the surprisingly frequent loss or massive reduction of the otherwise characteristic inverted repeat, occasional gene gains, changes in gene order, and invasion by SDR elements (in green algae) and the Wendy element (in Chlamydomonas). The retention of ribosomal protein clusters and the ancient tandemly duplicated psaA/psaB gene pair are among the few reliably retained ancestral structural traits in plastid genomes. The fact that the psaA/psaB gene cluster is highly separated in Chlamydomonas alone is a noteworthy indicator of the degree to which this genome has been rearranged. However, one of the most consistent patterns of structural evolution observed here has been the continued loss of plastid genes throughout plastome history. We inferred 39 gene loss events to have occurred since the last common ancestor of the chlorophytic green algae Nephroselmis, Chlorella, and Chlamydomonas. Most of these gene losses are either shared by Chlamydomonas and Chlorella (14) or specific to the Chlamydomonas lineage (15). Few gene losses are unique to green algae. All but four of the genes lost (rpl22, rpl33, rps11, and psaI) in the chlorophytes also have been lost from other photosynthetic plastid genomes (see supplemental data online). This finding underscores the observation that many gene losses are repeated and highly homoplastic events . Attempts to reconstruct phylogenetic relationships based on the pattern of gene presence/absence alone may be difficult. The unexpected positions of Chlorella and Pinus on trees generated from multivariate statistical analyses of gene presence/absence data (De Las Rivas et al., 2002) may have been a reflection of shared losses of ndh genes by these lineages.
The accelerated loss of plastid genes is quite surprising given the simultaneous tendency for Chlamydomonas and Chlorella to rapidly accumulate noncoding repeat sequences. Because both Chlorella and Chlamydomonas have accumulated many SDRs (Figure 2 ), but only Chlamydomonas has continued to rapidly lose plastid genes (no gene losses are seen specific to Chlorella), there is no clear relationship between the accumulation of SDR sequences and gene loss in these plastomes. Therefore, we conclude that these two principal features of the plastid genome of Chlamydomonas could be attributable to independent underlying causes.
It is not yet clear which of these genes have been transferred successfully to the green algal nuclear genome and which may have been lost entirely. A limited number of these lost genes have been identified in the Chlamydomonas EST database. However, no EST sequences have been detected from the ndh genes, suggesting that these genes may have been lost entirely and not transferred functionally to the nucleus. The complete nuclear genome sequence of Chlamydomonas (expected in late 2002) should give a more complete picture of chloroplast gene transfer to the nucleus.
Gene Rearrangement: Unique Organization of the PEP Coding Regions
Plastid DNAs of photosynthetic organisms encode the PEP (reviewed by Weihe and Börner, 1999; Cahoon and Stern, 2001) , with specificity added by sigma factors that in higher plants are encoded by nuclear gene families (Allison, 2000) . Higher plants also possess a second, phage-like polymerase (nucleus-encoded polymerase) for both chloroplasts and mitochondria that is nucleus encoded. Transcription inhibitor analysis failed to demonstrate nucleus-encoded polymerase activity in the Chlamydomonas chloroplast, suggesting that PEP performs all plastid transcription (Lilly et al., 2002) .
The PEP genes described here, with the exception of rpoA, are structurally divergent from even their phylogenetically closest relatives, and often they gave ambiguous results in transcript analyses and alignments. RT-PCR gave conclusive evidence for the expression of each of these genes at the RNA level. Conversely, the multiple and sometimes weak bands on filter blots, coupled with mostly unsuccessful attempts to identify potential intron splice sites, left us seeking additional molecular or proteomic data. The fact that multiple sequence alignments of the translated PEP genes exhibited regions of high similarity among related species and included conserved core domains ( Figure  8 ) suggests that these genes encode functional peptides. Interestingly, even though the newly identified rpoC1 possesses five highly conserved Cys residues, which in many species are known to function in the termination of transcription (Clerget et al., 1995) , there is a large spacer between the third and fourth Cys residues that may destroy the zinc finger domain. This feature could be one reason there has been little evidence for efficient transcription termination in Chlamydomonas chloroplasts (Rott et al., 1996) .
The complete and annotated chloroplast genome represents an important resource for engineering the genome to address basic questions of gene expression and photosynthesis, and perhaps for biotechnology as well. Given our results, genome-wide expression studies (Grossman, 2000; Lilly et al., 2002) , and a nearly completed nuclear genome sequence, this organism remains an important model for the plant biology community.
METHODS
Sequence Analysis
Plasmid clones spanning regions of the Chlamydomonas reinhardtii genome for which sequences had not been deposited previously (see supplemental data online) were obtained from the Chlamydomonas Genetics Center at Duke University. The collection of BamHI, EcoRI, and PstI clones for the chloroplast genome is derived entirely from strains in the 137c background. Most of these plasmids were constructed from the wild-type strain CC-125. A few, including those used by Rochaix and colleagues (Rochaix, 1980) for early sequencing studies, were derived from a cell wall-deficient strain (cw15) that shares ancestry with CC-125 dating back approximately to the 1960s. Comparative sequence studies were made with the 137c strains CC-125, CC-406 (cw15), and CC-620 and the natural isolate CC-2290 (Gross et al., 1988) . Plasmids were sequenced using subcloning and vector primers combined with sequencing templates generated using an Escherichia coli transposon-based approach (Template Generation System; Finnzymes, Espoo, Finland). Final sequencing and confirmation of ambiguities were completed using individually designed primers. The completed and annotated nucleotide sequence is available in the Third Party Annotation Section of the DDBJ/EMBL/GenBank databases. Accession numbers are given at the end of Methods.
DNA sequence files were trimmed, aligned, and assembled using the Lasergene software suite (DNAstar, Madison, WI). Gene annotation and open reading frame (ORF) recognition were performed with the Gene Construction Kit version 2.5 (Textco, West Lebanon, NH). The tRNA complement was identified using the tRNAscan program (www.genetics.wustl.edu/eddy/tRNAscan-SE/). New ORFs were defined by an initial AUG codon and 75 amino acids as minimal criteria. Allowing for shorter ORFs increased the total number, but in no case did it lead to the identification of putative functional genes, based on BLAST (Basic Local Alignment Search Tool) analyses. Initial sequence homologies were identified using tBLASTX (Altschul et al., 1997) . Open reading frames that had no clear homologs in the database were designated ORFX, with X representing the number of amino acid codons. Multiple amino acid sequence alignments were generated with CLUSTAL W using the Blosum scoring matrix with equally weighted gap penalties. BOXSHADE was used to generate alignments of homologous genes.
Individual classes of short dispersed repeats (SDRs) were compiled by extracting and comparing sequences that were prevalent repeatedly in BLASTN output. These individual sequences then were aligned using a 90% similarity index across a 20-bp window. The resulting classes were combined further into core SDR units defined as short noncoding DNA sequences 20 to 35 bp in size and present at least 25 times with 90% identity. The proportion of the genome occupied by a given SDR was estimated by multiplying the size of the repeat by the number of occurrences and dividing the total base pairs by the full genome size of 203,395 bp. After performing this calculation for the remaining SDR classes, a figure for the overall proportion of repetitive DNAs was obtained.
Informatics Analysis
PipMaker and MultiPipMaker are World Wide Web-based genome analysis tools (Schwartz et al., 2000) that allow users to compare large DNA sequences, currently up to 2 Mb, and identify regions of high sequence similarity. The World Wide Web interface can be found at http://bio.cse.psu.edu/. PipMaker and MultiPipMaker compute alignments and similarity scores for two or more DNA sequences over the length of the "reference" sequence. Sequence alignments are determined by the modified BLAST algorithm BLASTZ (Altschul et al., 1997) , with scoring parameters given by Chiaromonte et al. (2002) , where a gap of k nucleotides is penalized 400 ϩ 30k. Similarity scores are calculated as the percentage identity across a contiguous aligned region. The output from the PipMaker server can be visualized in four forms: a percentage identity plot (PIP), a dot plot, a typical BLAST-like alignment, and a concise list of the coordinates of the aligned segments.
In this study, the MultiPipMaker percentage identity plot output (Figure 4 ) was used to compare the reference sequence of C. reinhardtii chloroplast DNA with the plastid genomes of 13 other species: Arabidopsis thaliana, Chlorella vulgaris, Cyanidium caldarium, Cyanophora paradoxa cyanelle, Guillardia theta, Marchantia polymorpha, Mesostigma viride, Nephroselmis olivacea, Nicotiana tabacum, Odontella sinensis, Oryza sativa, Pinus thunbergii, Porphyra purpurea, Spinacia oleracea, and Zea mays. Accession numbers for these sequences are given at the end of Methods.
Phylogenetic Reconstruction and Rate Analysis
Thirty-nine proteins (see supplemental data online) shared by 18 selected plastid genomes were aligned independently and concatenated to a data set of 14,372 amino acids. We later removed four angiosperm taxa (Lotus japonica, Oenothera elata hookeri, Spinacia oleracea, and Zea mays) and deleted all gap characters. Thus, 8856 amino acid characters for 14 plastid genomes were used in the following analyses. Maximum parsimony was performed with PAUP* 4.0b8 (Swofford, 1993 ) with a heuristic search including 100 random addition sequences and branch swapping. Neighbor-joining analysis was performed with NEIGHBOR in PHYLIP 3.573 (Felsenstein, 1993) using the JTT model. In both cases, 250 bootstrap replications were performed. Maximum likelihood and minimum evolution analyses were performed through protml in MOLPHY2.3 (Adachi and Hasegawa, 1996) using the JTT-F model and RELL BP. All bootstrap values Ͼ50% are presented in Figure 5 .
The gene content for each genome was determined by extracting all coding sequences and performing cross-comparisons using BLASTP, with the E-value threshold for a positive match set at 1e-6. Two cyanobacterial genomes were used as a reference for the ancestral plastid genome. A matrix consisting of 245 protein-coding genes and 14 taxa was built to summarize the gene content information (see supplemental data online). We used MacClade 4.0 (Maddison and Maddison, 1989) to map the gene presence/absence data onto the plastid genome phylogeny and to infer the unambiguous gene gains and losses along each branch by the principle of maximum parsimony.
The global heterogeneity of evolutionary rates was determined using likelihood ratio tests. The likelihood was obtained using PHYLIP version 3.6a2 programs proml and promlk with the JTT model (Felsenstein, 1993) . The heterogeneity of substitution rates in specific lineages also was determined by the three taxa relative rates test with the Jones model using HY-PHY version 0.9b (http://peppercat. stat.ncsu.edu/~hyphy/).
Expression Analyses
Total RNA from CC-125 liquid cultures was isolated as described previously (Drager et al., 1999) . RNA gels, transfer to nylon membrane, and filter hybridizations were as described previously . DNA probes specific to the coding regions of rpoA, rpoB1, rpoB2, rpoC1, rpoC2, and rps2 were amplified by PCR using standard conditions with total DNA as a template and gene-specific primers (Lilly et al., 2002) .
Total CC-125 RNA was used for single-tube reverse transcriptase-PCR (RT-PCR) with the Access RT-PCR system (Promega, Madison, WI) with gene-specific oligonucleotides (Lilly et al., 2002) . Cycling conditions were 48ЊC for 1 h, 94ЊC for 2 min, followed by 30 cycles of 94ЊC for 45 s, 55ЊC for 1 min, and 72ЊC for 5 min. PCR products were resolved on 1.0% agarose gels. Fragment sizes were estimated by comparison with a 1-kb DNA ladder (Promega).
Sequencing was performed to ensure that PCR products were in fact derived from rpo cDNAs. DNA fragments were excised from gels, purified using Qiaex II resin (Qiagen, Valencia, CA), and cloned using the TOPO-TA cloning vector (Invitrogen, Carlsbad, CA), and DNA from positive colonies was end sequenced with vector primers. Similar RT-PCR and sequencing methods were used for the analysis of cDNAs investigated for the possibility of RNA editing.
Cytogenomic Methods
Mid-log-phase cultures from light-grown cell wall-deficient CC-406 cells were used for chloroplast isolations. Approximately 500 mL of a culture of 10 6 cells/mL was collected by centrifugation at 1000g. Cells were washed in nebulization medium (0.45 M sorbitol, 50 mM Tris, pH 7.6, 5 mM EDTA, 0.2% [w/v] BSA, 1.0% PVP-360, 0.025% spermine, 0.025% spermidine, and 1 mM ␤-mercaptoethanol), collected by centrifugation, and resuspended to a concentration of 1 ϫ 10 8 cells/mL. This solution was passed through the BioNeb Cell Disruption System (Glascol Systems, Terra Haute, IN) under N 2 gas (18 p.s.i.). The centrifugation was repeated, and the crude chloroplast pellet was resuspended in 36 mL of nebulization medium minus BSA. Chloroplasts were loaded onto Percoll step gradients (45%/75%) in 15-mL Corex centrifuge tubes. The gradients were centrifuged at 12,000g for 10 min in a swinging-bucket rotor. The chloroplast band at the 45%/75% interface was removed and diluted with 3 volumes of wash buffer plus 20 mM EDTA. Chloroplasts were pelleted at 3500g and resuspended in 2 mL of wash buffer plus 20 mM EDTA. Probe labeling, chloroplast fiber-fluorescence in situ hybridization, detection, and image capture were as described previously (Lilly et al., 2001) . Each experiment was replicated a minimum of three times. Images of chloroplast DNAs for size estimations were collected randomly across four slides. Determination of the absence of nuclear DNA contamination was based on the lack of signal from a nuclear clone (rDNA clone P-92; Nikaido et al., 1994) when used as a probe on chloroplast DNA fibers. DNA fiber sizes were estimated based on the conversion 1.0 kb ϭ 0.3 M Ϯ 0.04 kb. Final image adjustments (brightness/contrast) were made with Photoshop 6 (Adobe Systems, Mountain View, CA).
Upon request, all novel materials described in this article will be made available in a timely manner for noncommercial research purposes. No restrictions or conditions will be placed on the use of any materials described in this article that would limit their use for noncommercial research purposes.
Accession Numbers
Newly generated sequences were deposited in GenBank. The positions of these regions and their associated accession numbers are as follows: AF541860 (11142 to 11973), AF541861 (34012 to 36702), AF541862 (45836 to 48765), AF541863 (55547 to 57420), AF541864 (62012 to 63985), AF541865 (69176 to 69282), AF541866 (72027 to 73333), AF541867 (82275 to 88072), AF541868 (158441 to 159819), AF541869 (167594 to 169060), and AF541870 (189956 to 203333). Accession numbers for the 13 species used to compare the reference sequence of C. reinhardtii cpDNA are as follows: Arabidopsis thaliana, NC_000932; Chlorella vulgaris, NC_001865; Cyanidium caldarium, NC_001840; Cyanophora paradoxa cyanelle, NC_001675; Guillardia theta, NC_000926; Marchantia polymorpha, NC_001319; Mesostigma viride, NC_002186; Nephroselmis olivacea, NC_000927; Nicotiana tabacum, NC_001879; Odontella sinensis, NC_001713; Oryza sativa, NC_001320; Pinus thunbergii, NC_001631; Porphyra purpurea, NC_000925; Spinacia oleracea, NC_002202; and Zea mays, NC_001666. Accession numbers for sequences shown in other figures are NC_000911 (Synechocystis sp PCC6803) and NC_003272 (Nostoc sp PCC7120).
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